We experimentally demonstrate the high-NA silicon nitride metalenses with centimeter aperture and micro size in visible region, fabricated by 695-nm-thick hexagonal silicon nitride arrays. The potential application of wide viewing-angle functionality has also been shown.
Silicon nitride is one of CMOS-compatible functional materials well known to the field of semiconductor optoelectronics involving both linear and non-linear all-optical integrated devices. Its excellent dielectric properties, high material stability and dispersion controllability make silicon nitride platform highly attractive for on-chip optical communications and integrated compatible imaging devices [1] . For example, numerous excellent works, based on the low-loss silicon nitride optical platform, have already shown the fantastic application in the fields of sensor chips, integrated circuits and solar cells. Such researches arouse great interest to develop high-integrated silicon nitride metalenses with high NA and large aperture [2] [3] [4] [5] [6] [7] [8] .
In this work, we experimentally demonstrate the silicon nitride metalenses with centimeter aperture and micro size in visible region, fabricated by the 695-nm-thick hexagonal silicon nitride arrays with a minimum space of 42 nm between adjacent nanoposts. Thanks to ultralow-loss of silicon nitride platform, the micro-size divergent metalens achieves close-to-one numerical aperture (NA~0.98), and enables to shrink objects into a micro-scale size field of view as small as a single-mode fiber core with nearly diffraction-limited resolution. Due to the mature CMOS-compatible fabrication process, the aperture of silicon nitride metalens is boosted up to 1-cm-diameter with over half billion nanoposts. Such centimeter-size metalens directly shows a potential application of wide viewingangle functionality in macroscopic imaging system.
We first design a set of nanoposts with high transmittance and full 2 phase coverage in the periodic silicon nitride grating. We choose cylinder as the basic nanostructure to control the unpolarized light and consider the hexagonal periodic grating constructed by a low-refractive-index silicon nitride nanoposts array (insert in Fig. 1a ), with a subwavelength lattice constant (a = 416 nm). By varying the diameter of nanoposts for the given lattice constant, the induced phases and transmission amplitudes are calculated. With the thickness of 695 nm, the silicon nitride gratings can achieve a full 2 phase coverage (red line in Fig. 1a ) while maintaining high transmission (blue line in Fig. 1a ) at the designed wavelength of 633 nm. With these parameters in hand, we then can achieve an arbitrary transmission phase profile by appropriately arranging the nanoposts in nonresonant regime.
In our design, we first choose six nanoposts with different diameters to map six linear orders between 0 and 2 based on the result of figure 1a, and choose the spatial phase profile of the metalens as a divergent lens, yielding f f y x y x, 2 2 2 where = 633 nm is the designed wavelength, f is the focal length, and (x, y) is the in-plane coordinate of each point in the phase profile. The micro metalens has the diameter of 100 m and focal length of -10 m, yielding the close-to-one NA (~0.98). Top-view SEM image of a portion of the fabricated micro metalens with a relatively high magnification are displayed in Fig. 1b and the side-view SEM image of the micro metalens in Fig. 1c describes the vertical profile of nanoposts. Fig. 1d shows the simulated and measured results of intensity distributions in the virtual focal planes and in x-z planes of micro metalens at the designed wavelength of 633 nm. One can see that the simulation results calculated by the field-tracing method are well consistent with those in measurement, even for the feeble sidelobes around the center spots. A remarkable feature is that only one focus spot can be observed at the distance of -10 m, which is a strong evidence to claim the realization of close-to-one NA metalens in air. The full width at half-maximum (FWHM) of the virtual focal spot can realize to be 364 nm, showing the nearly diffraction-limited resolving power.
In order to demonstrate the ability for practical imaging, we further fabricate a macro metalens with diameter of 1 cm and focal length of -4 mm, yielding a little lower NA 0.78. Due to the subwavelength lattice, the number of silicon nitride nanopost unit cells in such centimeter-size metalens has been over half billion. Fig. 1e shows the photograph of the actual sample in which the ruler is used to emphasize the 1-cm-diameter metalens. To display its wide field-of-view application in imaging, we use such macro metalens to watch the logo of Sun Yat-sen University at different wavelength. Fig. 1f and 1g respectively show the original objects without the macro metalens and the corresponding images with the macro metalens. It is clear that in the same circular area in the CCD camera, one can get much more field-of-view after inserting the macro metalens. In conclusions, we have demonstrated the polarization-insensitive silicon nitride metalenses, in which the micro one reaches the close-to-one numerical aperture while the macro one has the diameter of 1 cm. Both of them show the nearly diffraction-limited resolution and wide-viewing-angle potential in imaging optics. Our findings may open a new door for the miniaturization of optical lenses in the fields of optical fibers, microendoscopes, smart phones, aerial cameras, beam shaping, and other integrated on-chip devices.
